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INTRODUCTION   
Empirical models for flood estimation are based on 
observational data and calibrated input-output relationship 
without description of individual processes. Inglis and 
DeSouza formula, Khosla’s formula, Bennie’s percentage, 
Strange’s table, Barlow’s table are some of the examples of 
empirical formulae (Singh, 1988; Subramanya, 2003).  The 
major limitation of these empirical methods is that they only 
provide the magnitude of flood and does not generate a runoff 
hydrograph (Ahmed and Simonovic, 2005) with complete 
information on shape of hydrograph, time to peak, and volume 
of flood.  
Among various methods of flood forecasting, the unit 
hydrograph (UH) theory developed by Sherman (1932) is the 
simplest and most widely used method. Sherman (1932) 
defined UH as the hydrograph of direct runoff resulting from 
unit depth of rainfall excess occurring over the area at a 
uniform rate for D hours duration.  According to Sherman 
(1932), the basic hypothesis in UH is that the river basin 
responds linearly to the effective rainfall. In the past, linear 
programming (LP) was used predominantly for deriving UH 
from multi-storm data (Singh, 1988; Zhao and Tung, 1994),in 
addition to least-square method (Singh et al., 1982; Bruen and 
Dooge, 1984; Dooge and Bruen, 1989). The UH is also used to 
estimate the direct runoff hydrograph (DRH) for storms of ‘D’ 
hour duration. As the duration becomes shorter (i.e. D → 0), 
the resulting hydrograph is known as instantaneous unit 
hydrograph (IUH).Theoretically with the shortest duration of 
rainfall is zero.  The concept of the IUH was developed by 
Clark (1945) as the direct runoff that resulted at an instant time 
(D → 0) for unit rainfall excess spread uniformly over an area.  
IUH concept has been and continues to be one of the most 
widely used model in flood forecasting methods in the field of 
hydrology (Gironas et al., 2009). The advantage of IUH is that 
it eliminates the problem of unit duration and the restriction of 
uniform distribution of rainfall (Chow et al., 1988; Singh, 
1988; Singh, 1994). 
Nash (1957) considered thecatchment as a series of ‘n’ number 
of identical linear storage reservoirs, each one have the same 
storage coefficient ‘K’.In deriving the IUH, the DRH is 
computed as the convolution of the ERH and the IUH function 
as described by: 
τττ ∂−= ∫ )()()(
0
tuIAtQ
t
  (1) 
where, 
I (τ ) ERH (precipitation rate as a function of time), 
u (t)  IUH (unit response rate as a function of time), 
Q (t)  DRH (direct runoff rate as a function of time),  
A Watershed area; and 
τ  Time lag (time between a particular precipitation 
event and its associated runoff). 
t lag time 
Nash (1959), Dooge (1973), Singh (2000), Li et al (2008) and 
others have derived various IUH functions from observed 
DRH and ERH. Many of these IUH functions are gamma-
family probability distributions, the conceptual approaches 
ranging from cascade of linear reservoirs to statistical methods. 
The determination of IUH using observed rainfall and runoff 
data in association with the convolution integral is also a well 
recognized and much discussed problem. Some researchers 
also tried to identify the relationship between the 
geomorphologic structure and the IUH. Fairly a large amount 
of research has been carried out in estimating Nash IUH 
parameters (‘n’ and ‘K’) using method of moments (MOM), 
method of likelihood (MLH), method of least square (MLS) 
(Diskin and Boneh, 1975; Wang and Kay, 1983) and recently 
using the soft computing techniques like hill climbing (HC), 
Genetic algorithm (GA) and particle swarm algorithms 
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(PSA)(Mohan and Vijayalakshmi, 2008; Lazzaro, 2009; 
Gironas et al., 2009). 
The present study describes the derivation and application of 
Nash IUH and its parameter estimation using method of 
moments (MOM) to determine flood hydrograph at Koyna 
Dam, Maharashtra, India. This IUH may be useful for 
predicting the flash flood at the dam site for a given rainfall in 
the catchment area. 
NASH IUH AND ITS PARAMETER 
ESTIMATION 
Out of many IUH, Nash IUH was considered to be a better one 
to any other IUH method (Mohan and Vijayalakshmi, 2008). 
Nash (1957) proposed a cascade of ‘n’ linear reservoirs as a 
model to derive IUH for natural watersheds. Nash used the 
convolution equation and unit response function, the IUH 
corresponding to the Nash model can be obtained with two 
parameters of gamma distribution function ‘n’ and ‘K’, where 
‘n’ is the “shape parameter” and ‘K’ is the “scale parameter”. 
The assumption in deriving Nash’s IUH is that the watershed 
behaviour was associated with a cascade of linear reservoirs 
where rainfall occurs instantaneously on the upper reservoir. In 
a linear hydrologic system (a basin), the relationship between 
storage, inflow, and outflow will be linear such that it leads to 
a linear differential equation. An impulse response function 
(IRF) is used to express the hydrologic response of such linear 
systems through the convolution equation. Nash proposed the 
conceptual model in which the catchment is assumed to be 
made up of a series of ‘n’ identical linear reservoirs each 
having the same storage constant ‘K’. The first reservoir 
receives a unit volume equal to 1 cm of effective rainfall from 
the catchment instantaneously. This inflow is routed through 
the first reservoir to get the outflow hydrograph. The outflow 
from the first reservoir is considered as the input to the second; 
the outflow from the second reservoir is the input to the third 
reservoir and so on for the entire ‘n’ reservoirs. The outflow 
from nth reservoir is taken as the IUH of the catchment. The 
continuity equation for this inflow outflow is given in equation 
2, 
-
dt
dsQI =      (2) 
However, for a linear reservoir, the storage KQS =  (Singh, 
1988) and the change in storage can be written as:  
dt
dQK
dt
ds =      (3) 
Substituting equation 3 in equation 2 and rearranging get 
equation 4 
 
    (4) 
 
The solution for this differential equation, where Q and I are 
the functions of time‘t’, is given in equation 5 
Idtee
K
Q KtKt ∫−= //1    (5) 
Now for the reservoir, the input is applied instantaneously. 
Hence for t>0, I=0. Also at t=0, ∫ Idt = instantaneous volume, 
inflow = 1 cm of effective rain. Hence for the first reservoir 
equation 5 becomes  
Kte
K
Q /-1
1=      (6) 
For the second reservoir 
Idtee
K
Q KtKt ∫= //-2 1     (7) 
Here I = input = Q1 given by equation 6 thus equation 7 
becomes Q2 which is shown in equation 8 
KtKt te
K
dte
K
Q /-2
/-
2
11 == ∫    (8) 
For the third reservoir equation 5 becomes Q3 shown in 
equation 9 
 
(9) 
 
Similarly, the outflow from the nth reservoir
nQI = is obtained as, 
shown in equation 10 
Ktn
nn etKn
Q /-1-
)!1-(
1=     (10) 
As the outflow from nth reservoir was caused by 1 cm of 
excess rainfall falling instantaneously over the catchment 
(equation 10) describes the IUH of the catchment. Using the 
notation u(t)to represent the ordinate of the IUH, equation 10 
to represent the IUH of a catchment is written as equation 11 
Ktn
n etKn
tu /1-
)!1-(
1)( −=    (11)  
Here, if  ‘t’ is in hours, u(t)will have the dimensions of cm/h; 
‘K’ and ‘n’ are constants for a given catchment, to be 
determined by effective rainfall and flood hydrograph 
characteristics of the catchment. Equation 12 is based on a 
conceptual model and as such if ‘n’ for a catchment happens to 
be a fraction, Then (n-1)! to be determined both for integer and 
fractional values of ‘n’, the gamma function nΓ is used to 
replace(n-1)!so that  
( ) KtnKt enKtu /-1-)(1)( Γ=     (12) 
where, ‘n’ is an integer, nΓ  can be interpolated from the Table 
of gamma function which is available in many literatures 
(Chow et al., 1988), u(t) is the IUH ordinate at time ‘t’ and ‘K’ 
is the reservoir storage delay time.  
One has to estimate the parameter pair (n, K) for a given 
catchment, to compute the Nash's IUH ordinates. Based on the 
linearity of equation, Nash (1957, 1959) presented a simplified 
MOM to estimate ‘n’ and ‘K’ from a set of observed rainfall 
excess of duration ‘D’ and corresponding direct runoff. In the 
present study it is aimed to derive these parameters ‘n’ and ‘K’ 
from the MOM. 
IQ
dt
dQK =+
)(1
2
1
2
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33 QIetK
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METHOD OF MOMENTS (MOM) 
The method of moments (MOM) relates the characteristics of 
the measured input (rainfall) and output (runoff), of the IUH 
parameters. The method in terms of the moments of the input 
and output functions (Mohan and Vijayalakshmi, 2008) were 
originally derived by Nash (1957) and shown in equation 13( )iihifio MMM +=    (13)  
Where, Mif = moment of ith input about origin/0th moment of 
input; Mio = moment of ith output about origin/0th moment of 
output;Mih = moment of ith IUH about origin/ 0th moment of 
IUH about origin. 
The parameters ‘n’ and ‘K’ can be derived using the 
relationship between the moments of IUH.  The basis is that 
the ith moment of a function about origin is also the ith 
differential form of its Laplace transform evaluated at s = 0, 
(origin) where ‘s’ is the point at which moment is taken. The 
Laplace transform of Nash equation for the IUH (equation 12) 
is given by equation 14 
[ ]nKssh += 1
1)(     (14) 
The first derivative of this equation is given in equation 15 
( ) [ ] 1' 1
-
++= nKs
nKsh    (15) 
While the second derivative can be written as equation 16
[ ] 2
2
1
)1()(" ++
+= nKs
Knnsh    (16) 
Evaluating the above equations at s = 0 yields, the values of  
)0('h  and )0("h  as given in equation 17 and 18. 
nKMh == 1)0('    (17) 
2
2 )1()0(" KnnMh +==    (18) 
Using these properties the values of ‘n’ and ‘K’ for a 
catchment can be determined adequately if the ERH and a 
corresponding DRH are available. Further, MQ1 = first 
moment of the DRH about the time origin divided by the total 
direct runoff and MI1 = first moment of the ERH about the 
time origin divided by the total effective rainfall, 
Then , 
nKMIMQ =− 11    (19) 
Further if, MQ2 = second moment of DRH about the time 
origin divided by total direct runoff and MI2 = second moment 
of ERH about the time origin divided by total effective rainfall, 
Then, 
2)1(22 KnnMIMQ +=−    (20) 
Knowing the moments MQ1, MI1, MQ2, MI2, the values of ‘n’ 
and ‘K’ for a given catchment can be calculated using above 
set of equation (19and 20). Generally the values of ‘n’ and ‘K’ 
are derived from many of the observed storms and runoff 
events. From the series of ‘n’ and ‘K’, the average ‘n’ and ‘K’ 
are taken as the representative value of ‘n’ and ‘K’ for the 
given catchment, and are used in deriving the IUH, and 
subsequently the flood hydrograph. 
WATERSHED DESCRIPTION AND DATA 
BASE 
The area selected for the present study is the Koyna watershed, 
situated on the West-Coast of Maharashtra, India, lies between 
the latitude of 17º 00’N to 17º 59’N and longitude of 73º 02’E 
to 73º35’E (Jothiprakash and Magar, 2012). The location of 
the study area along with nine rain-gauge stations in Koyna 
watershed is shown in Figure 1(Magar and Jothiprakash, 
2011). The watershed is bounded by hills and broadly consists 
of 41% forest, 49% cultivated area, 6% waste land 4% of 
others (CDO, 1992). The water spread area at full reservoir 
level is 115.36 km2 which is about 13% of the total catchment 
area. Nearly 99% of the annual rainfall in this basin occurs 
during south-west monsoon (June to October) and varies from 
2972 mm to 6694 mm annually over the valley. In the present 
study the time of concentration varies significantly because of 
reservoir length is almost 60% of the length of the basin. It is 
estimated as per Kirpich equation 21, (Singh, 1988), since the 
length and slope is available. 
385.077.0
c SL01947.0t
-=   (21)   
where tc= Time of concentration in min.,  L = Length of travel 
of water (m), and =S Slope of the catchment = LH /∆ ; =∆H
Difference between the most remote point on the catchment 
and the outlet. In the present study area the maximum 
elevation of the basin =1220 m; Lowest bed level near the dam 
= 579.458m; Full reservoir level of the dam=657.91 m. When 
the reservoir is empty the length of the travel is 64 km and at 
FRL the length of the travel is 25.6 km and after that runoff 
travels as waves to the catchment outlet. Thus the Koyna 
watershed is characterized by very steep slope with time of 
concentration of about 10 hours when reservoir is empty and is 
about 4 hours when reservoir is full.  
The rainfall is almost continuous, once the monsoon is onset 
over the catchment, it varies only in intensity from day to day, 
and thus practically it is difficult to obtain distinct surface 
hydrograph. Efforts are made to obtain sample of such storms 
from the observed hourly rainfall and inflow data. The direct 
runoff series was calculated by taking the base flow as a single 
straight line from the beginning to the end of each storm. The 
data on hourly effective rainfall for the three storms and 
corresponding DRH ordinates used in the present study are 
shown in Table1.  
The rainfall excess is determined after calculating and 
subtracting the Φ index. Φ index is shown in equation 22. It is 
the average rainfall above which the rainfall volume is equal to 
runoff volume. It accounts for total abstractions and enables 
runoff magnitudes to be estimated for a given rainfall 
hyetograph (Subramanya, 2003). 
      
                                                       (22) 
Where P = precipitation (cm), R = runoff (cm), Ia = initial 
losses (cm), te = duration of rainfall excess (in hours) 
et
RP −=φ
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Fig. 1: Location of Koyna watershed, Koyna reservoir and the rain-gauge stations (Magar, 2011) 
 
Table 1: Effective rainfall and direct inflow (Storm 1 to Storm 3) 
Time in hr 
Storm 1 (13hr) 
(23-7-2004) 
to (24-7-2004) 
Storm 2 (18hr) 
(26-7-2005) 
to (26-7-2005) 
Storm 3 (13hr) 
(29-7-2006) 
to (29-7-2006) 
 
Rainfall 
excess 
(mm) 
Direct 
runoff 
(m3/sec) 
Rainfall 
excess 
(mm) 
Direct 
runoff 
(m3/sec) 
Rainfall 
excess 
(mm) 
Direct 
runoff 
(m3/sec) 
0 0 0 0.00 0.00 2.00 0.00 
1 12.16 20 2.79 190.89 4.22 565.91 
2 8.55 1138.28 6.43 385.30 9.56 1143.76 
3 15.73 2360.86 11.71 482.50 7.56 1548.91 
4 16.63 2900 13.36 774.08 13.78 2669.93 
5 15.9 3540 9.29 968.49 11.78 3546.89 
6 15.09 4170 9.57 1260.07 39.33 3997.33 
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RESULTS AND DISCUSSION 
From the literature it is found that the accuracy of estimating 
the ordinates of IUH, depends on the accuracy of parameters 
‘n’ and ‘K’. The parameters ‘n’ and ‘K’ are estimated by taking 
moment about the rainfall and runoff data for each storm, 
following the procedure suggested by Chow et al., (1988).  
Thus in MOM the values of ‘n’ and ‘K’ can be estimated by 
considering two equations of 19 and 20. The values of ‘n’ and 
‘K’ obtained for three different storm events are shown in 
Table 2 and the average is estimated. The estimated average 
‘n’ and ‘K’ are substituted in equation 12 to estimate the 
ordinates of IUH. The ordinates of IUH resulted for Koyna 
watershed is depicted in Figure 2. It is to be noted that if more 
number of storm events are available in future it can slightly 
modify the shape. 
Table 2: Estimated values of ‘n’ and ‘K’ for the storms 
considered  
Storms N K 
Storm 1 0.40 4.25 
Storm 2 1.24 5.25 
Storm 3 0.97 4.27 
Average  0.87 4.59 
 
Fig.2: Derived IUH for the Koyna watershed 
Further these ordinates of IUH are then used in equation 12to 
derive runoff hydrograph for each storm. A programme in C 
language has been developed for estimating the parameters and 
to obtain the ordinates of IUH and the corresponding DRH. 
The observed and resulted  DRH for  various  storm  events   is  
0
100
200
300
400
500
600
700
800
900
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time in hours
In
flo
w
 (m
3 /s
ec
)
7 10.6 4740 18.79 1357.27 9.67 4189.55 
8 13.76 4869 18.21 1754.44 12.67 4354.70 
9 17.36 4660 20.00 2046.55 11.00 4521.42 
10 14.57 4250 13.57 2426.45 7.78 4354.70 
11 7.79 3300 31.57 2753.62 10.44 4056.05 
12 2.22 2200 17.21 3227.33 8.89 3799.00 
13 6.83 1100 12.79 3433.99 9.78 3378.34 
14 0 14.5 19.21 3528.55 0 2107.00 
15 - 0 38.64 3545.55 - 1686.93 
16 - - 13.14 3447.67 - 1244.91 
17 - - 26.71 3260.38 - 744.91 
18 - - 12.36 2967.16 - 445.00 
19 - - 0 2500.55 - 244.89 
20 - - - 2185.20 - 0.00 
21 - - - 1989.72 - - 
22 - - - 1403.24 - - 
23 - - - 1005.66 - - 
24 - - - 846.21 - - 
25 - - - 455.24 - - 
26 - - - 0 - - 
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depicted in Figure 3. From the hydrographs it can be observed 
that desired hydrograph follows the pattern of the observed 
hydrograph of rising limb and recession limb with very less 
variation. The peak inflow in all the three cases is slightly 
under predicted, but within the limit of < 20% of observed 
peak. The reason may be due to narrow and elongated shape of 
the catchment and the direction of storm approach. To evaluate 
the hydrograph performance various performances measures 
are estimated and presented in Table 3. The correlation 
coefficient (R) which evaluates the linear correlation between 
observed and predicted inflow is consistent for all three 
storms. The RMSE statistics which indicates a quantitative 
measure of model error in units of the variables is 
comparatively good for all the storms. The % MF that 
quantifies the error in predicting the peak magnitude of flow is 
comparatively less for three flood storms.  
Time to peak, is an important hydrograph parameters, which 
indicates the occurrence of peak discharge from the starting of 
hydrograph. Time to peak is the reaction time given by the 
nature to the hydrologist to prepare the preventive measures to 
reduce the flood loss. Error in time to peak estimate is also 
very small for storm 2 and storm 3 where as slightly more for 
storm 1. The % error in volume of runoff is also very less. 
From these results it can be concluded that the hydrologic 
response of watershed can be well predicted if the inflow 
occurs due to isolated storms. For complex storm events, the 
IUH is becoming very laborious and is not predicting the peak 
inflow accurately.  
 
Fig. 3: Observed and estimated DRH obtained using the developed IUH  
Table 3: Statistical performances of derived DRH  
Storms R RMSE (m3/sec) 
% Error in peak 
(% MF) 
%  Error in 
total volume of 
runoff 
% Error in 
time to peak 
Storm 1 0.97 373.07 -5.45 6.02 20% 
Storm 2 0.98 293.4 -5.69 9.02 6.25% 
Storm 3 0.96 383.09 -9.03 8.12 10% 
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CONCLUSION 
Nash IUH model is one of the most widely acceptable methods 
with ‘n’ linear reservoir and ‘K’ storage coefficient. However 
estimation of ‘n’ and ‘K’ is a difficult task. Many researchers 
used empirical, statistical and evolutionary technique to 
estimate ‘n’ and ’K’ for a given basin. Various methods have 
been used to estimate the parameters starting from MOM, 
MLH, MLS, HC and GA. Each and every method has their 
advantages and disadvantages in estimating the IUH ordinates 
particularly the peak discharge, time to peak, and total flow. 
The success of applying Nash IUH model depends on how 
accurate the parameters (‘n’ and ‘K’) are estimated.From the 
hourly rainfall inflow observations, three flood storms are 
selected with in a period to derive the Nash IUH for the Koyna 
reservoir, Maharashtra, India. It is to be noted that deriving 
simple storm data from the Konkan region (the present study 
region) is very difficult. Nash IUH parameters ‘n’ and ‘K’ for 
selected storms are determined using MOM. The obtained 
DRH is compared with the observed DRH and found to be in 
good agreement with each other. The performance is assessed 
using R, RMSE, MF and time to peak flow. The results show 
almost similar performance for three different storms 
indicating that the inflow can be predicted well if the storms 
are isolated. However occurrence of such simple storm is rare 
and unlikely, if these IUH are used for complex storm and for 
predicting the inflow data for longer continuous time, the IUH 
method may become laborious and ambiguous.  
ACKNOWLEDGEMENT 
The authors express their sincere thanks to Executive 
Engineer, Irrigation Department and office personnel of Koyna 
Dam Division Government of Maharashtra, India for providing 
necessary data to carry out this work. The authors also 
acknowledge the Ministry of Water Resources, Government of 
India, and New Delhi for sponsoring the research project 
through Indian National Committee on Hydrology. 
REFERENCES  
1 Ahmed, S. and Simonovic, S. P., 2005. An artificial 
Neural Network Model for Generating Hydrograph 
from Hydro-meteorological Parameters, Journal of 
Hydrology, 315(1-4), 236-251 
2 Bruen, M., and  Dooge, J. C. I., 1984. An Efficient 
and Robust Method for Estimating Unit Hydrograph 
Ordinates. Journal of Hydrology, 70(1-4), 1-24. 
3 CDO., 1992. Final Report on Revised Flood Study for 
Koyna Dam, Government of Maharashtra, Irrigation 
department. 
4 Chow, V. T, Maidment, D. R., and Mays, L. W., 1988. 
Applied Hydrology. McGraw Hill: New York. 
5 Clark, C. O., 1945. Storage and the Unit Hydrograph. 
Transaction of the American Society of Civil 
Engineers, 110, 1419-1446. 
6 Diskin, M. H., and Boneh, A., 1975. Determination of 
an Optimal IUH for Linear, Time-Invariant Systems 
for Multi-Period Records.  Journal of Hydrology, 
24(1-2), 57–76. 
7 Dooge, J. C. I., 1973. Linear Theory of Hydrologic 
Systems. Technical Bulletin 1468, U.S. Dept. of 
Agriculture, Washington, D.C. 
8 Dooge, J. C., and Bruen, M., 1989. Unit 
HydrographStability and Linear Algebra. Journal of 
Hydrology, 111(1-4), 377-390. 
9 Gironas, J. G., Jeffrey, D.N., Rosener, L.A., 
Rodriguez, H. A. and Andrieu, H., 2009. A. Morpho-
Climate Instantaneous Unit Hydrograph Model for 
Urban Catchments Based On the Kinematic Wave 
Approximation. Journal of Hydrology, 377(3-4) 317-
334. 
10 Jothiprakash, V. and, Magar, R. B., 2012. Multi-time-
step ahead daily and hourly intermittent reservoir 
inflow prediction by artificial intelligent technique 
using lumped and distributed data Journal of 
Hydrology, Vol. 450-451, pp 293-307. 
11 Lazzaro, D. L., 2009. Regional Analysis of Storm 
Hydrographs in the Rescaled Width Function 
Framework. Journal of Hydrology, 373(3-4), 352-
365. 
12 Li, C., Shenglian, Guo., Wenhua, Z., and Zhang, Z., 
2008. Use of Nash’s IUH and DEMs to Identify the 
Parameters of an Unequal-Reservoir Cascade IUH 
model. Hydrological Processes, 22, (4073-4082). 
13 Magar, R. B., and  Jothiprakash, V., 2011. 
Intermittent reservoir daily-inflow prediction using 
lumped and distributed data multi-linear regression 
models. Journal of Earth System Science, Vol. 120. 
No. 6, pp 1067-1084. 
14 Magar, R. B., 2011. Real-Time Reservoir Inflow 
Prediction Using Soft Computing Techniques. Ph.D 
thesis Report, Indian Institute of Technology 
Bombay,Mumbai. 
15 Mohan, S., and Vijayalakshmi, D. P., 2008. 
Estimation of Nash’s IUH Parameters using 
Stochastic Search Algorithms. Hydrological 
Processes, 22(17), 3507-3522. 
16 Nash, J. E., 1959. Systematic Determination of Unit 
hydrograph parameters. Journal of Geophysical 
Research, 64(1), 111-115. 
17 Nash, J. E., 1957. The Form of Instantaneous Unit 
Hydrograph. International Association of Science and 
Hydrology, 45(3), 114–121. 
18 Sherman, L. K., 1932. Streamflow from Rainfall by 
the Unit Graph Method. Engineering News-Records, 
108, 501–505. 
19 Singh, S. K., 2000. Transmuting Synthetic Unit 
Hydrographs into Gamma Distribution. Journal of 
Hydrological Engineering, 5(4), 380–385. 
20 Singh, V. P., 1994. Elementary Hydrology, Prentice 
Hall of India Private Ltd, New Delhi. 
J. Indian Water Resour. Soc., Vol. 34, No. 2, April, 2014 
 
8 
21 Singh, V. P., 1988. Hydrologic Systems, Vol 1: 
Rainfall-Runoff Modeling. Prentice Hall, Englewood 
Cliffs, New Jersy, USA. 
22 Singh, V. P., Baniukiewicz, A. and Ram, R. S., 1982. 
Some Empirical Methods of Determining the Unit 
Hydrograph. In: Rainfall-Runoff Relationship edited 
by V.P.Singh, Water Resources Publications. 
Littleton, 67-90. 
23 Subramanya, K., 2003. Engineering Hydrology, 
Second Edition. Tata McGraw-Hill Companies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
24 Wang, G. T., and Kay, W., 1983. The Unit-Step 
Function Response for Several Hydrological 
Conceptual Models. Journal of Hydrology, 62(1-4), 
119-128. 
25 Zhao, B., and Tung, Y., 1994. Determination of 
Optimal Hydrographs by Linear Programming. Water 
Resources Management, 8, 101-119.  
